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ABSTRACT /é 37

Possible mechanisms for holding protostars in a
state of suspended evolutlon for time scales of the
order of 1010 years are discussed. Rotatlon seems to
be the only viable conventional mechanism. Magneto-

turbulence, a new concept, may provide long term dis-

tention forces. - M
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ON RETARDED EVOLUTION OF PROTOSTARS

I. DORMANT STARS

The increasing number of difficulties found to be
assoclated wilith star formation by fragmentation has led
Layzer (1954), (1963), Ambartsumian (1958), and others to
begin investlgating alternative methods., In particular
they favor the hypothesls that stars are formed in an
expanding medlium, Layzer postulates that this formation
occurred at the time of the formation of the galaxy,
while Ambartsumlan thinks the process may be currently
happenling, 1n matter ejected from galactic nuclel, Since
observations show a whole spectrum of stellar ages,
Layzer supposes that stars formed ten blllion years ago
have 1n many cases had thelr .early development arrested
80 they now appear young.

We wish, therefore, to dlscuss some of the facets of
arrested development. We willl conslder stars as 1ndil-
viduals, and stars in clusters, In the latter case there
exists the possibllity of many types of interactlons
between stars, and between stars and gas., The time
scales we have in mind are of the order of billlonsof

years,




LI. ISOLATED STARS

The first questlon to investigate 1s whether a star
can remain 1n a dormant condition, or a condition of
greatly retarded evolution, by virtue of its intrinsic
propertles, 1l.e,, without external disturbances,

If the domlnant forces within a star are gas or
radlation pressure and gravitational attraction then the
conventlonal models of the contraction of a star toward
the maln sequence are relevant, However, it is well known
that the tlme scales involved in this sort of process are
at least as short as the Kelvin contraction time ty:

~ 1ol o MO

b~ 10" x TR vears (1)
where M and L are the mass and luminosity (assumed con-
stant) of the star and R is its final radius, all gilven
in solar unlts., If the recent models of Hyashli, et al
(1961), (1962), are correct, then in the Hertzsprung-
Russell dliagram protostars wlll approach the main sequence
vertically from above, with much higher lumlnosities than
thelr final maln sequence values, Accordlngly the con-
traction times wlll be diminished considerably.

Rotation will, of course, cause a protostar to flatten,
and prevent 1ts collapse. A rapidly rotatiné star could
remain in a primordial state for any desired length of time,
neglecting consideratlons of dynamlcal stabllity. The
usual problem assoclated with thils condition lies in

finding the mechanlsm for damplng the rotatlion. Magnetlc




braking seems to be the only reasonable solution, but it
does not represent a very well developed theory.

A large scale magnetic field bound in an ionized
material may provide sufficlent magnetic pressure to pre-
vent collapse of a protostar, Chandrasekhar and Fermi
(1953) have obtained a form of the virial theorem for a
system containing thermal, gravitational and magnetic

energy, For a bound, stable, monatomlc gas cloud
2T + V + M =0 (2)

2
where M 1s the magnetic energy, Sigﬂl_.dv, V the gravi-
o™
tational potentlal energy, and T the thermal and kinetic

energy. Then, of course, the total energy is given by
E=T+V+M, (3)

If the protostar is to remain relatively unchanged, then
1ts slze and consequently V must remaln constant, If the
magnetic fleld is bound in the star then M 1s constant,
However, the protostar 1s bound to radlate, particularly
1f hot enough to be ionized 1in order to trap the magnetic
field, The time scales for cooling of a transparent
hydrogen cloud are much less than 106 years for proto-
stellar conditions. Therefore 1f T 1s allowed to change,
we conclude that 1t must be qulte small, in order not to
upset condition Eq., (2). Therefore the equilibrium of
the star must be determined primarily by magnetic and

gravitational forces. There are a few relevant comments




to be made,

(a) If the magnetic fileld is oriented more or less in
one direction, say a;ong the z-axls, then collapse along
that axls wlll be relatively unimpeded, especially in the
absence of pressure forces resulting from the vanishing of
T. Of course after collapse has proceeded to a large
extent 1n the z-dlrection pressure forces must come into
play. T can no longer be neglected in comparison with V
and M, energy will be radlated away, and evolution will
proceed,

(b) If T~ 0 than Eq. (2) implies that V and M must
be nearly of the same magnitude for a stable situation.

If they are not preclsely the same, which of course is
likely to be the case, then we inquire, will the situation
adjust to equalize them? Both V and M vary inversely as
the first power of the stellar radius. Therefore thelr
ratlo remalns constant durlng a scale change. Therefore
a cloud with a slight 1inltlal unbalance of gravitational
and magnetic energy will be unstable to collapse or to
dissipatlon, depending on which form of energy domlnates,
In the case of predominance of gravitatlional energy, and
collapse, eventually the thermal energy term will stabil-
lize the situation, bubt -then radlatlon and evolutlon will
aceur.

(c) It is necessary that the protostar remain lonized
~I the magnetic fileld 1s to be bound and inhiblt collapse,.
However, under conditions where pressure forces supply a

stabllizing influence there will be a high collision rate



and consequently a method for recombination or ionization,
depending on the temperature,

If the magnetlc fileld pattern 1s more or less random,
then at first glance (a) 1s not likely to occur, although
comments (b) and (c) still hold. However the situation
may be somewhat more complicated, since (a) may hold
locally over each region of reasonably correlated fleld
directlon. Then the protostar would still collapse untill
thermal (i.e,, pressure) effects prohibited it.

We conclude, therefore, that magnetic effects cannot
maintain a protostar in a steady state, even 1f there lsno
field slippage. It 18, however, quite posslble that they
wpuld slow down the evolution somewhat, by diminishing the
collapse forces, and lowering the temperature, thus

lowering the rate of radiatlon loss,.




III, PROTOCLUSTERS

l. Glant Star. The simplest notlion of a protocluster

would be that of a static glant star, of hundreds or thou-
sands of solar masses, But 1f gas and radiatlon pressure
are responsible for 1ts malntenance, then we have the
conventional massive star model, And 1t has been estab-
lished that for stars heavier than about sixty solar masses
(Schwarzschild and H4rm (1959)) instability sets in. Stars
of about fen to slxty solar masses wlll have a very short
evolutionary time compared to the age of the galaxy. So

a préssure distended gilant star cannot provide a long
period of dormancy. Even 1f it collapses and produces

many stars in a subsequent explosion, thelr birth would
have been delayed only a short whilé.

If magnetic pressure or rotation are present 1ln a
single glant star then the preceding discussion of the
ordinary single star 1s applicable, It would agaln appear
that rotational forces are the only ones capable of pre-
venting collapse. However the resulting cluster would
have more of a disk shape than a spherlcal shape. Also
1t should retain some of the rotational motion. The
observational data on this point are not conclusive: sorwe
clusters may have rotatlon.

2. Star-star Interactions. A protocluster 1is more

likely to consist of well defined protostars and perhaps a
large amount of gas. If a star can be surrounded by a

sufficiently opaque wall so that its radiation cannot
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escape, then 1t willl have 1ts contraction considerably
Slowed.

An ideallzed model would consist of a star in a
contaliner with perfectly reflecting walls, Then the
gystem would come into thermodynamic equilibrium with the
star becoming an lsothermal gas sphere, The radius of an
lsolated, i1sothermal, gas sphere is 1nfinite (Emden
(1907)) so in the present case there would be a non-zero
pressure and density at the wall of the container, These
conditlons would be met 1n a cluster of many stars by
having the reflecting wall at the polnt where a neigh-
boring star begins,

Let us suppose that the stars of a cluster are packed
sufficlently tightly so that a star located deep within
the cluster sees only a sky full of stellar surface, at
the same temperature as lts own surface, This situation
it cannot distingulsh from that of a reflecting wall.

The mean free path of a photon travelling through a
cluster consilsting of staps and no gas will be

3
mR
Ao i (#)
S
where m and r_ are the mass and radius of a protostar and
M and R, are the mass and radius of the cluster. It 1s

clear that A the mean free path of a star before colli-

c’
sion, differs from )\p by a factor of order unity. 1In
fact >‘c can never exceed },p. If now, a star 1s to

survive without collision in a cluster 1t must have a mean




free path at least as large as the cluster radius. There-
fore since ‘)1>£3 :Xc a photon near the center of the
cluster will have a high probabllity of escaping. Con-
sequently a central star will not see a bright sky, but
rather a falrly dark one,

We note that in general a collision between two
protostars need not necessarily be disruptive, The gravi-

tational binding energy of a star 1s approximately

Gn (5)

Its kinetlc energy will be

E_ = imv® = 3m 3 | (6)
m 2 c)

by the virlal theorem applled to ﬁhe cluster as a whole,
The ratio EKE:EG 1s then

E r
2oyt 2 (7)
EG m ¢

If the cluster is so dense that the sky would appear whilte,
then by Eq. (4) with‘?\pznc,

2
Mses =1,

so that Eq. (7) becomes

“KE 1 Re (8)

Clearly Rc:i> rg and in this case a collision is likely

to be disruptive,




Howevgr; for a looser cluster, with smaller stars it
would nqt’be unusual to find EKE'¢< Eg.

Ihé occurrence of close stellar encounters presents
a mechanlsm for exchange of energy and spln between stars,
This energy transfer has been evaluated by Burke (1965),
The amount transferred in a single encounter 18 so small in
comparison with, say, the solar energy radiated in a mil--
lenlum, that a very large number of near collisions would
be necessary to provlde a protostar with a continuing
energy supply, apart from contraction. And for such a
large number of neér (2 or 3 stellar radli) collisions
there are bound to be head on, and sometimes disruptive;
collislons, This point, of just what happens after a
stellar collision, could bear further investigation, It
may be that stars are not destroyed in the process,

We may likewlse conclude that the spin exchanged
between protostars will be small.

Of course, 1t may be deslrable to let a maJority of
the stars be annihllated in collisions, whlle the remaln-
ing ones acquire some spin., Since the angular momentum
vector added at each encounter will be randomly orilented,
the net total angular momentum after N encounters will
accumulate in a manner analogous to a random walk, and will
therefore be S\fﬁﬂ where S is the spin added per encounter,
Actually once the star beglns rotating the results of
Burke w1lll no longer be strictly appllcable, but they

should sti1ll provide a reasonable approxlimation,




10

3. Star-gas Interactions. We wlll discuss briefly

three phenomena assoclated with interactions between stars
and gas: accretlon, braking, and shock waves, Some
aspects of the first two have been treated by Burke (1965).
It is clear that accretion wlll change the mass and per-
haps the chemical composition of a star. It may also
provide braking of a star's motlon through the cluster.
Even without accretion braking may occur, 1in the same way
as dynamical friction. Accretion may significantly affect
the course of evolutlon of a star, although it is not
likely to retard 1t noticeably, except in one way. It
could add angular momentum, perhaps to the extent that its
rotation could attaln nearly the critical value. That
would prevent stellar collapse, with the usual qualifying
remark about stabllity appended. |

Shock waves wlll be created ih the interstellar gas
by the passage of supersonic stars, If the gas is con-
slderably rarer than the protostars the shock waves willl
not have a great perturblng influence on the bulk of
stellar material upon impact. They may affect the stel-
lar atmospheres. Again this will not be likely to directly
affect the evolutionary time scale. On the other hand the
shock waves may have quite a significant effect on thé
interstellar gas. However, we should add that 1f the
protostars are in a state not greatly different-from that
of the gas, that the shocks might be dlsruptive, or at

least provide considerable thermal energy. These points
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are now being investigated.

4, Cluster Atmosphere. We might inquire whether

there could be a large, perhaps quite massive, atmosphere
or cloud surrounding a protocluster, Could such an
atmosphere be supported agalnst gravitational collapse,
and could 1t affect the evolution of stars within?

Clearly it cannot be in hydrostatic equilibrium,
supported by gas pressure, for then the situetlon s 1l
of the glant star, wlth short evolutionary tir: s. le., 1:d
radial instabllity. In fact, the presence of a cluster
of stars within should add to the gravitational collapse
forces, without offering significant retarding influence.

If the cloud 1s opaque enough to retard the escape
of radiation from within, then of course 1t will feel the
pressure of the trapped radiatlion, However, the situation
then becomes analogous to that of an early type, very
massive star., The evolution and collapse of the cloud
proceed very rapldly. For sufficlently massive stars
the radiation pressure is an unstabllizing influence,

The cloud might remain in place, supported by macro-
gcoplec motions, 1l.,e,, turbulence, There are then two
possible solutions: the turbulent energy is remnant in
the primeval cloud, and 1s slowly“dissipating, or the
internal cluster of stars feeds turbulent energy into the
surrounding cloud. If the large majority of the cluster
mass is in the form of gas then the flrst alternative must

be realized.
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In a turbulent fluld the kinetic energy stored will

be
E =} NP (9)

The rate of dlssipation of turbulent energy per gram of

fluld is approximately (Batchelor (1960), p. 103)
-3

~ Y
e~ % (10)
where A. 1s the characteristic size of the largest
eddies., Therefore the time scale for dissipation of E 18

Tf;a-g—ﬁfé—%;: (11)
Clearly ’F is the time which 1t takes for an eddy of size
A_to move 1ts own length. For a cloud to be in primarily
dynamic equilibrium the time scale for internal -motions
must be conslderably shorter than the free fall time of
the cloud. This means thatvthe oloud'energy will be con-
verted to thermal energy in a time short compared to the
evolutlionary time of a quasl-static glant star. ‘And once
in the form of thermal energy we are back to the situation
of a glant star in hydrostatic equillibrium,

The alternative of the internal cluster feedlng energy
to the cloud 1s therefore likely to be a bit more promising,
The energy drawn from the iluternal cluster will-of course
come from 1ts gravitational supply, thereby causing 1t to

contpact. Let us begin by computing the approximate amouni

of contraction.
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For a body held in equilibrium by pressure forces
EG a =3 deVN -3FV i (12)

(Landau and Lifshitz (1958)). The pressure from turbu-
lence 1s (Batchelor (1960), p. 182)

F = %,ovz. (13)

Combining Egs. (12) and (13) to eliminate P, we obtailn

P .
Eg ~F - %Mv . (14)
where M u,ﬂJV. We see thls result could have been
obtained from the. virial theorem by neglecting the central
body of stars, except in its contribution to EG'

We take a gas cloud of radius R, and mass M2 to

2
have lmbedded wlthin 1t a stellar system of mass M, and
radius R, (see Fig, 1). The gravitational energy of the

cloud will then be

M2
where the density has been taken to be uniform, and

R12<3< R22. The gravitational energy of the stellar system,

with the same approximation, 1is
o :
My

If we then use Eq. (14) for Ego and Eq. (10) for the rate

of energy dissipatlon, we obtain
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2
() - [.._ (M, + 2 1)] 3/2, (17)
1 36M 2&2
(17) integrates to give
1 1 SMpat L5 3/2
= (M M ) ’ (18)
Rip Ryy 3GM12AQ 2 + 5 M

where the subscript "f" refers to final and the subscript
"{" refers to initial, 1In
Table 1 some speciflc eval-
uations of Eq. (18) nave Seen
tabulated. These values indl-
cate that a contracting core
of protostars can indeed pro-

vide sufficlent turbulent energy

(and therefore pressure to keep Fig. 1. Gas cloud
, with Internal cluster.

a surrounding cloud of gas 1in
equilibrium, However, there are several qualifying
remarks to be made, a

How 1s the turbulent energy transferred to the cloud?
We have obtimistically taken A, larger than Ryp in most
cases, This was necessary to prevent R;p froﬁ being
extremely small., But it will be difficult for a turbulewt
core of size R, to produce eddies much larger than Ry.
And even if these eddles are produced, a reasonable frac-
tion of them must propagate further than thelr character-
istic sizes, )\2, in order to provide turbulent energy to
the outer parts of the cloud,
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Table 1., Evaluations of Eq. (18),

My Ma At Ro Ao / PRy Rir
)

1037g. 1036g. 1017sec..1019cm. 1018 cm, lolscm. 4x10%3cm,
1037 5x103¢ 1017 1020 1019 1038 351010
1037 1037 10%7 1021 1020 1020 gx10%8
1037 1037 1017 1021 1019 gx10'T  s5x1017
1037 1036 1017 10%9  10%® 10 gx10tt
1037 1036 107 1029 10%9 1088 21017
1037 1036 10! 1021 10%°  6x10%9 3x20%?
1037 1030 1017 1021 10%0 1022 6x10%?
1037 1036 1017 1020 108 2x10%6 1010
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To allow the cloud to contract does not help much
since the dissipation will rise rapldly and requlre the
internal stellar system to contract faster and farther.

It appears that R2 must always be considerably larger than
R1 in order to give le a reasonably large value, but this
18 incompatible with transfer of energy to large eddies,
comparable in size to R2, which wlll have lower dissipa-
tion rates. '

Perhaps very small values of le should be considered.
If the turbulent energy from a small core qulckly becomes
converted to thermal energy and this 1s really responsible
for supporting the outer layers, then we have a problem
concerning a very massive star with a somewhat peculiar
core, and should treat at least the outer regions in terms
of static gas pressure,

Without considering the stablility problem, rotational
forces are as usual capable of supporting an extended and
massive atmosphere. Rotatlon alone however, wlll permit
contractlion along the rotation axis, which will make the
cloud opkically thin in that direction, even If opaque 1n
the other directions, The addition of a magnetic field
perpendicular to the rotation axis will tend to change
the collapse to a uniform contraction, as Mestel (1964).
has shown, A magnetic fleld without rotation will be sub-
Ject to the same conditlons mentioned in the case of a
single star. The presence of the rotatlion and magnetic

fleld greatly reduces the amount of gas pressure support
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needed, so that there 1is a better chance that rad :tlor
or turbulence generated by the central cluste -~ co 4
hold the atmosphere in distenslon,.
Let us, at this point, consider crudely the sort of
opacity a dense cluster atmosphere might have. Take
T~ K, PR ~ K, "2
27 Kol ™ Ky = (20)
Ra
where sz is the optilcal path, and K2 1s the Opaéity.
Gaustad (1963) has investigated the opacity of material
expected to be found in the interstellar medium. He finds
that known opacities will be very low, As an upper limit
currently known values of opacity rarely exceed 1 or 10,
even in stellar interiors. If we then evaluate Eq. (20)

for a very favorable case, say K2 =], M2 = 1027,'1’{2 =1O18
we obtain ’Fé = 10, This value of'Tfa can be increased by

dimlinishing R However, then the rate of turbulent

X
dissipation increases, and le diminishes considerably,

An atmosphere with optlcal depth somewhat -greater
than unity will of course somewhat modify the temperature
and pressure distribution inside the cluster. However,
its effects on evolutlon should be second order, or else
not a direct consequence of 1its opacity. It will no more
prevent radiation from escaplng from a star than does the
very thlin outer layer of the star itself,

We may conclude that conditions seem unfavorable for

the maintenance of a massive, static, cluster atmosphere

for time scales of the order of the age of the galaxy.

cm.
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And if one does exist, 1ts effects on the internal cluster
will be not primarily through its opacity. This discussion
does not preclude the exlistence of large amounts of inter-
stellar gas 1in a cluster, The opacity of such gas would
still be too low to retard evolutlion of the stars by a
significant amount. But other effects, such as accretion,
friction, and shock wave propagation would stlll be present.

The dlissolution outwards of a cluster atmosphere
would not affect the binding forces of the cluster, How~-
ever, removal of gas from within the cluster will, of
course, enhance 1lts tendency to dlsslipate, Shock waves
may help effect this removal., The situatlion 1s qualita-
tively analogous to that of shock waves in the solar
atmOSpheré, and a "cluster wind" may result.

The applicability of much of the discussion in this
paper depends on the time scale for some of the processes
involved, and particularly for the magnetlc processes,
this was sometimes not discussed, Certalnly the time
scales for magnetlc field slippage, collapse along the
direction of the field (both with and without rotation)
and maintenance of lonization, should be more thoroughly

investigated.
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IV. MAGNETOTURBULENCE

Finally, a recent suggestlon advanced by Layzer
(1965) may significantly modify the cgnventional pro-
cesses so far consldered in this paper. In considering
the "Nature and Origin of Non-Thermal Radio Sources" he
envisions the exlstence of "magnetoturbulence:" turbulence
in the presence of a strong magnetic field., The property
of magnetoturbulence which interests us in the present
context 1s the very low rate of dissipation associated with
it. Although Layzer's theory has not yet been fully
developed, 1t 1s clear that non-decaylng turbulence can
offer a long term distending force. Thls mechanism may
in fact prove to be more viable and effective than rotation.
Magnetoturbulence in individual protostars, 1in proto-
clusters, or in giant stars may prove able to provide
forces capable of retarding thelr evolution for time

gcales of the order of the age of the galaxy.
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